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d i- 

ABSTRACT 

A two dimensional d i f fus ion  model i s  developed t o  s tudy t h e  

spread of t h e  exhaust contaminants from the Lunar Module (LM) i n t o  

t h e  lunar  atmosphere. 

t r e a t e d  as an exosphere. 

molecules d i f f u s e  along the  surface as a r e s u l t  of c o l l i s i o n s  with 

t h e  surface.  The l o s s  mechanisms considered are i n t e r a c t i o n s  with 

t h e  ' so l a r  wind and s o l a r  photons, thermal evaporation, and ad= 

so rp t ion  t o  t h e  lunar  surface.  

s tay- t ime,  t h e  contamination of t h e  atmosphere i s  both appreciable  

and nonuniform i n  d i s t r ibu t ion ,  w i t h  t h e  subsequent t r end  toward 

a uniform d i s t r i b u t i o n  proceeding a t  d i f f e r e n t  rates f o r  d i f f e r e n t  

The r a r e f i e d  ambient lunar  atmosphere i s  

The  model assumes t h a t  t h e  exhaust gas  

It i s  shown t h a t  during t h e  LM 

~ exhaust gas  species. 
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1. INTRODUCTION 

In  th i s  r epor t ,  the v a r i a t i o n  of t h e  

w i t h  t i m e  and p o s i t i o n  i s  inves t iga ted  as 

of lunar  atmospheric gases  t h a t  a l s o  vary 

tenuous luna r  atmosphere 

a func t ion  of the sources 

wi th  t i m e  and wi th  posi-  

t i o n .  

the Apollo mission rocke ts  i s  ca l cu la t ed .  

A S  an  example, t h e  contamination of t h e  luna r  atmosphere by 

Var ia t ions  i n  the lunar  atmosphere may arise from v a r i a t i o n s  

of the (na tu ra l  and a r t i f i c i a l )  sources of gas, o r  from changes i n  

the environment. 

gas are here in 'cons idered  as func t ions  of t i m e  and pos i t i on ,  wi th  

changes in  the environmental parameters such as luna r  sur face  t e m -  

p e r a t u r e  and t h e  s o l a r  wind i n t e n s i t y  and v e l o c i t y  introduced only 

on a s t eady- s t a t e  b a s i s .  

Changes i n  the atmosphere due t o  po in t  sources of 

. To make t h e  problem t r a c t a b l e ,  two models of l una r  atmosphere 

v a r i a t i o n  have been adopted. The f i r s t  model assumes t h a t  a l l  

q u a n t i t i e s  are  independent of l a t i t u d e  and longi tude on the  moon, 

and f i n d s  a space-independent t i m e  v a r i a t i o n  of t h e  atmospheric 

gases as a func t ion  of s o l a r  wind i n t e n s i t y  and su r face  temperature. 

In  the second model, po in t  sources are  introduced a t  a r b i t r a r y  

p o s i t i o n s  on the moon, and some of the environmental parameters 

have a simple dependence with p o s i t i o n  on the moon; an appropr ia te  

d i f f u s i o n  equat ion i s  solved t o  g ive  the atmospheric spec ies  dens i ty  

as a func t ion  of p o s i t l o n  on t h e  lunar  surface,  s o l a r  wind i n t e n s i t y ,  

and t i m e .  

A s  an example of  va r i a t ions  due t o  a r t i f i c i a l  sources of gas, 

manned and unmanned expeditions t o  t h e  moon w i l l  in t roduce contami- 

n a n t  gases  i n t o  t h e  amb.ent lunar atmosphere. Dominant among these  

w i l l  be t h e  exhaust gas3s f r o m  la rge ,  manned lunar  landing vehi -  

cles. I n  p a r t i c u l a r ,  t he  Lunar Module (LM) w i l l  exhaust a 

1 



r e l a t i v e l y  large mass of gas  i n  i t s  descent t o  t h e  lunar  sur face .  

These gases can produce s i g n i f i c a n t  v a r i a t i o n s  i n  the r a r e f i e d  

n a t u r a l  atmosphere f o r  appreciably long t i m e s .  

measurements t h a t  w i l l  be made of the gases i n  t h e  lunar  atmo- 

sphere during and a f t e r  the LM s t a y  on t h e  moon, estimates are 

made i n  t h i s  r e p o r t  of t h e  contamination of t h e  ambient lunar  

atmosphere by the exhaust gases.  

f o r  the atmospheric contaminants, the appropr ia te  f r a c t i o n  of t h e  

space and t i m e  d i s t r i b u t i o n  of the LM gases  s t r i k i n g  the luna r  

sur face ,  c a l c u l a t i o n s  have been made of atmosphere contamination 

by means of t h e  two models introduced above. 

To i n t e r p r e t  t h e  

Adopting, as a source func t ion  

In t h e  following sec t ions ,  the space-independent and space- 

dependent models (I and 11, respec t ive ly)  of atmospheric v a r i a t i o n  

are formulated and t h e  bas i c  gas d i s t r i b u t i o n  equations are solved. 

This formula t ion  holds f o r  both n a t u r a l  and a r t i f i c i a l  sources, 

w i t h i n  the l i m i t a t i o n s  of t h e  two modeis. 

and loss mechanisms are discussed, wi th  p a r t i c u l a r  a t t e n t i o n  t o  
t h e  contaminant gas  spec ie s  produced by t h e  LM rocket  exhaust 

h i t t ing  the moon's surface.  

f o r  t h i s  p a r t i c u l a r  case of lunar  atmosphere v a r i a t i o n  due t o  t h e  

Apollo mission, i n  the  form of graphs of t h e  atmospheric contami- 

nant  d i s t r i b u t i o n  wi th  pos i t i on  on the moon and t i m e  a f t e r  i n i t i a l  

i g n i t i o n  of the LM descent rockets .  

imp l i ca t ions  are discussed. 

The atmospheric source 

Numerical r e s u l t s  are then presented, 

F i n a l l y  the contamination 

During the LM s t a y - t h e ,  the contamination of t he  atmosphere 

is shown t o  be both appreciable  and nonuniform i n  d i s t r i b u t i o n ,  

wi th  the subsequent t rend  towsrd a uniform d i s t r i b u t i o n  proceeding 

a t  d i f f e r e n t  rates f o r  d i f f e i  en t  exhaust gas  species .  

2 



11. MODEL FORMULATION 

A. Model I - Time Dependence Only - 

B 

1.' Assumptions 

A s impl i f ied  model i s  adopted as  a f i r s t  a t t e m p t  a t  a t h e o r e t i -  

cal t reatment  of the  va r i a t ions  produced i n  the  dens i ty  of the  

tenuous lunar  atmosphere by d i f f e r e n t  source and l o s s  mechanisms. 

In t h i s  model it i s  assumed t h a t  the  p a r t i c l e s  of each gas  species  

i n  the  lunar  atmosphere: 

tween the  sur face  of the  moon and a surface a t  s c a l e  he ight ,  

def ined below; 2) have a number densi ty ,  n, t h a t  i s  uniform 

1). are contained i n  the  volume, V, be- 

h, 

throughout V a t  a given time, t, so  t h a t  n i s  a funct ion 

only of the  t i m e  and i s  independent of the  space coordinates  wi th in  

the volume, V. Further ,  it i s  assumed t h a t  the  n a t u r a l  sources 

and any a r t i f i c i a l l y  introduced sources are uniformly d i s t r i b u t e d  

over the lunar  surface,  fromwhich they are emit ted i n t o  the  atmo- 

sphere a t  the  teapera ture  of the  surface t h a t  i s  taken as constant .  

The atmosphere i s  assumed t o  be isothermal,  and t o  have the  same 

temperature, T, as the  surface (T = 3 0 O o K  f o r  a l l  our calcula-  

t i o n s  here) .  

Because the  lunar  atmosphere i s  extremely r a r e f i e d ,  it i s  

assumed t h a t  t h e  atmospheric gas  p a r t i c l e s  do not  c o l l i d e  with one 

another  bu t  only with the  lunar  surface and the  incoming s o l a r  wind 

p a r t i c l e s  and solar photons. 

For a source o r  sources of f i n i t e  l i f e ,  t h i s  model should give 

the asymptctic valties sf t'rie a h u s p h e r i c  gas  d e n s i t i e s  approached 

by more soph i s t i ca t ed  space-dependent d i s t r i b u t i o n  models because 

t h e  mean f r e e  path of t he  gas molecules i s  very l a rge  and uniform 

d i s t r i b u t i o n s  are approached a f t e r  long t i m e s .  

3 



2 Equa t ion-s 

I f  t h e  t o t a l  number of p a r t i c l e s ,  N, of a given species of 

gas i s  contained i n  the  volume, 

moon (of r a d i u s  ro) and a spher ica l  surface a t  height  h, then 

V, between the  surface of t h e  

N = n V ,  

where n 

the  "scale volume" i s  

i s  t h e  number dens i ty  of t he  gas species  i n  quest ion and 

3 31 
O J  ' ' ( r o  + h) - r v = 7  1 

while the  "scale he ight"  f o r  a gas of p a r t i c l e s  of mss, m, is 

The number densi ty ,  n, i s  taken as constant  throughout t he  

volume, V, and the re fo re  it also represents  t he  average number 

densi ty  a t  t h e  sur face .  Then, i n  t h i s  s i m p l e  model, n i s  t i m e  

dependent only and i t s  t i m e  r a t e  of change is  given by 

- dn + An = - 1 [B + C ( t ) ]  , 
d t  v 

where 

An = the  number of p a r t i c l e s  of a ' g i v e n  species  of 

gas  l o s t  p e r  second from the  atmosphere v i a  

processes  such as  c o l l i s i o n s  with s o l a r  wind 

p a r t i c l e s  and solar photons and thermal 

evaporat ion 

B = t h e  number o f  p a r t i c l e s  of a given gas species  

emit ted p e r  second i n t o  the  atmosphere from the  

lunar  sur face  due t o :  

4 



, B  

a) neu t ra l i za t ion  and d i f f u s e  r e f l e c t i o n  of 

so l a r  wind ions a t  t h e  sur face  

b) ac tua l  s t eady- s t a t e  sources  i n  the  lunar  

surface c r u s t .  

.C(t) = the  number of p a r t i c l e s  of a given spec ies  of 

gas emit ted p e r  second from add i t iona l ,  t i m e -  

dependent, sources .  on the  lunar  surface.  

Assuming t h a t  the  gases  from the  time-dependent sources are e m i t t e d  

from the  lunar  surface a t  a ‘constant t i m e  ra te  and then s top ,  we  

l e t  

C(t)  = D1 U(t) , 

where U(t) i s  the  s tep-funct ion of t i m e  

z 

emitted,  and 

i s  the  t o t a l  t i m e  i n t e rva l  during which t h i s  gas  i s  being 

D1 = number of p a r t i c l e s  of a given species  of t h i s  

gas emit ted p e r  second from the  lunar  sur face  

over the  time i n t e r v a l  z [see E q s .  (40) and 

(47) below]. 

3 .  Solut ions 

The so lu t ions  of E q .  (1) i n  t h e  t i m e  interva”.s of Eq .  (2b) 

are found by well-known in tegra t ion  techniques. I f  n = n a t  

t = 0, then 
0 

5 



t 

n ( t )  eAt = ' 1 [B + C ( t ) ]  eAt d t  + no . V 

0 

I f  C(t)  i s  def ined by Eqs. (2), then 

f o r  t < z: - 
B + D1 - A t  B + D1 

AV ] + e [no - AV n ( t )  = 

For t > T :  - - 

(3) 

( 4 )  

It i s  c l e a r  from Eq. (4 )  t h a t  f o r  t i m e s ,  t, very long com- 

pared t o  7, 

which shows t h a t  i n  t h i s  simple theory t h e r e  i s  no r e s i d u a l  e f f e c t  
of t h e  gas  spec ies  from time-dependent sources (D1) and the p a r t i -  

cle d e n s i t y  a t t a i n s  an equi l ibr ium value a t  s u f f i c i e n t l y  long t i m e s .  

Furthermore, B = 0 f o r  those gas spec ies  t h a t  emanate s o l e l y  

from time-dependent sources, D1, and f o r  t i m e s ,  t, less than 

c)r equal t o  T, it  i s  c l e a r  from Eq. (3) t h a t  

when no = 0.  In  addi t ion ,  i f  the  lo s s  r a t e ,  A, f o r  t hese  gas  
spec ies  i s  small enough t h a t  T << 1 / A ,  then f o i  t i m e s ,  t, less 
than o r  equal  t o  7, 

6 



n ( t )  2 7 (5) 

Also, under these  same assumptions t h a t  B = 0, n = 0, and 

T << 1/A,  i t  i s  c l e a r  from E q .  (4) t h a t  f o r  t i m e s ,  t, g rea t e r  

than 7, 

0 

Thus, f o r  those species  t h a t  emanate s o l e l y  from t h e  t i m e -  
dependent sources  (D,) and f o r  which t h e i r  loss r a t e  i s  such 

B 
B 

L 

that 7 << 1/A,  the  p l o t  i n  Fig.  1 of E q s .  (5) and (6) shows 

their s i m p l e  l i n e a r  build-up and subsequent exponent ia l  decay, 

Fig.  1 Variat ion of t h e  P a r t i c l e  Number Density w i t h  
T i m e  as Given by Equations (5) and (6) 
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Furthermore, i t  i s  seen from Eq.  (6) t h a t  when T < t (( 1 / A ,  
t h e  p a r t i c l e  dens i ty  i s  approximately independ.ent of t: 

[From E q s .  (40)  o r  (47)  

pendent of T i n  t h i s  

n ( t )  2: D l ~ / V  . 
below i t  i s  seen t h a t  n ( t )  i s  a l s o  inde- 

.ime in t e rva l .  I 

These general  f ea tu re s  are evident i n  t h e  Figs .  5 through 15 

of Sec t ion  I V .  

- B. Model I1 - Space and T ime  Dependence 

1. Assumptions 

In t h i s  model an attempt i s  made t o  obta in  the  spa t ia l  dis , r ibu-  

t i o n  of gases  i n  the  lunar  atmosphere as wel l  as t h e i r  temporal f l uc -  

t ua t ions .  From an i n i t i a l  d i s t r i b u t i o n  of gas sources on the  lunar  

sur face ,  t h e  gas p a r t i c l e s  undergo a th ree  dimensional d i f f u s i o n  i n t o  

t h e  t h i n  lunar  atmosphere. 

jectories between c o l l i s i o n s  w i t h  t h e  surface.  Co l l i s ions  between 

gas p a r t i c l e s  may be neglected because t h e  gas-gas mean f r e e  path i s  

l a r g e  compared t o  t h e  gas-surface m e a n  f r e e  path. 

d i f f u s i o n  process i s  mathematically complicated because of t h e  pres-  

ence of g r a v i t a t i o n a l  forces  and i n t r i c a t e  par t ic le  t r a j e c t o r i e s  be- 

tween c o l l i s i o n s ,  so  w e  consider  ins tead  a reasonable two dimensional 

model of t h e  d i f fus ion .  

d i f f u s e  only along ( p a r a l h l  t o )  t h e  lunar  sur face  from constant  

temperature  sources  on the  surface.  

l o s s e s  due t o  i n t e r a c t i o n s  x i th  t h e  so l a r  wind p a r t i c l e s  and s o l a r  

u l t r a v i o l e t  photons, thermal. evaporation, and a l s o  due t o  adsorpt ion 

on the lunar  surface.  

i n  t h e  vertical column of s c ~ l e  height ,  
sur face .  

approach a uniform d i s t r i b u t i o n  over the  lunar  surface,  t h e  atmo- 

s p h e r i c  d e n s i t i e s  should approach those of Model I, 

The gas par t ic les  move i n  b a l l - i s t i c  t r a -  

A t h r e e  dimensional 

I n  t h i s ,  t h e  gas par t ic les  are assumed t o  

The d i f fus ing  molecules s u f f e r  

Also t h e  p a r t i c l e  dens i ty  i s  assumed uniform 

h ,  above each poin t  on t h e  

For sources of f i r i t e  l i f e ,  as t h e  d i f fus ing  p a r t i c l e s  

8 



2. Equations 

Choosing the  d i f fus ion  c o e f f i c i e n t  D as  a constant  f o r  each 

species  of exhaust gas, the  d i f fus ion  equation f o r  t he  p a r t i c l e  
dens i ty  n (par t ic les /cm 3 ) is  

an 2 - = DV n + q(r,e,tP,t) + Kn , a t  (7) 

where q i s  a source t e r m  (cm -3 sec- l )  ' that i s  not  e x p l i c i t l y  

dependent on the  'number densi ty ,  n, a t  each point  (r,O,tP), 

and K i s  the time-rate coe f f i c i en t  (sec-l)  of t he  loss  t e r m  

t h a t  i s  e x p l i c i t l y  n dependent. The constant  d i f fus ion  c o e f f i -  

c i e n t  D is  given by 

where 

h = mean f r e e  path of a gas p a r t i c l e  

v = v e l o c i t y  of reemission of a gas p a r t i c l e  from 

the  lunar  surface.  

The t h r e e  dimensional d i f fus ion  problem, Eq. (7), i s  now re- 
placed by a t w o  dimensional model of d i f fus ion  on a sphe r i ca l  sur- 

face .  In  t h i s ,  t h e  molecules are assumed t o  d i f f u s e  only along 
I t  

the  lunar  surface,  r = r . They s u f f e r  l o s s e s ' o f  K n p a r t i c l e s  
c) 0 .  

' L  I p e r  cm per  sec,  where n i s  the  surface par t ic le  dens i ty  i n  
-2 u n i t s  of c m  , due t o  in t e rac t ions  with s o l a r  wind particles,  

s o l a r  u l t r a v i o l e t  photons, thermal evaporation a t  t he  top of the  
atmosphere, and a l so  due t o  adsorpt ion when the d i f fus ing  mole- 

cu l e s  strike the  surface.  It i s  assumed t h a t  the  sur face  sources 

af t he  d i f fus ing  gas  molecules are represented by the  funct ion 

q (@,(P,t) i n  u n i t s  of cm sec , where q (e,cp,t) i s  not  ex- 

p l i c i t l y  dependent on t h e  p a r t i c l e  dens i ty  n a t  each point  

I -2  -1 I 

I 
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( 8 , ~ )  on the sur face .  F ina l ly ,  choosing t h e  d i f fus ion  c o e f f i c i e n t  

D 
dimensional d i f f u s i o n  equation by analogy with E q .  (7) : 

I as a cons tan t  f o r  each species  of gas, w e  ob ta in  t h e  two 

v2 2 i s  t h e  two dimensional Laplacian operator  on a spheri- 
where 

w 

D 
c a l  sur face  

The constant d i f f u s i o n  c o e f f i c i e n t  D 1 i s  given by 

1 1  D = - h v ,  3 

where 
1 

h = a gas p a r t i c l e ' s  mean f r e e  path along t h e  

lunar  surface,  and 

v = t h e  v e l o c i t y  of reemission of a gas  p a r t i c l e  

from the lunar  sur face ;  

I 
The s o l u t i o n  n (ro,@,V; t) of E q .  (8), under t h e  proper 

i n i t i a l  and boundary condi t ions , together  with t h e  assumption 

t h a t  t h e  p a r t i c l e  dens i ty  i s  uniform i n  the  v e r t i c a l  column of 

s c a l e  he igh t  
I -3  

volume number dens i ty  n(r,6,cp; t )  = n (ro,e,T; t ) / h  

h above each po in t  on t h e  sur face  w i l l  y i e l d  t h e  
. i n  c m  

The i n i t i a l  condi t ion  on E q .  (8) i s  

I 

0 
where n = su r face  number dens i ty  a t  t i m e  t 0 due t o  the  

ambient atmosphere such t h a t  

10 



Taking t h e  o r i g i n  of the sphe r i ca l  polar  coordinates  (r,@,cp) 
a t  t h e  center  of the  moon and a point  

pole ,  t h e  boundary condi t ions on Eq.' (8) are: 

L on the  sur face  as t h e  

I I 
n ( 6 , ~ ;  t )  = n (2n + e,cp; t )  

I 1 
n ( @ , c p ;  t )  = n (e,cp + 27~; t )  

3.  Solut ions 
I I 

To solve Eq. (8), we le t  IJ- = cos 8 and take n , q as 

9 independent; then 

I I 
n (e ,% t> = n (cl,t) 3 

In t eg ra t ing  t h i s  Equation over t from 0 t o  03 by the  

Laplace transform technique, w e  ob ta in  

I I 
where the  Laplace transform n ( ~ , p )  of n. (p,t> is defined by 
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c 

and upon regrouping the  terms 

The f i r s t  

opera t o r  

t e r m  on t h e  l e f t  s i d e  of Eq. (12) contains  t h e  Legendre 

R (Ref . l), with  t h e  eigenvalues l?(a + 1): a =  0,1,2, . . 

Thus, E q .  (12) can be written i n  the  form 

where 
2 - 

and 

The normalized eigenfunction so lu t ions  t o  Eq. (13) a r e  ( R e f .  1) 

where Pg(p) 

and c l o s u r e  condi t ions on t h e  O j  are, respec t ive ly ,  

are t h e  Legendre polynomials and t h e  orthonormality 

12 D 



-1 J 

It then follows t h a t  the so lu t ion  of E q .  (14) i s  given i n  

by: 
0 

GLu 
t e r m s  of a Green's funct ion . 

where 

and 

CD = a ( a  '+ 1) . 
Using E q s .  (15), the  e x p l i c i t  dependence on and p of - 

t he  Green's funct ion i n  Eq. (17) and the  so lu t ion  'n '(p,P) 

obtained : 
are 

rL 
0 
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where 

L 
0 

Taking the  inverse Laplace transform of E q .  (19), 

J 
- i + E  

choosing the  path of in tegra t ion  i n  the  

Fig. 2, 
p-plane as  ind ica ted  i n  

/ 
/ 

/ //I 
, 

p - Plane 
I 

f 
I 
I 

.A .. 
ai! 

I 

I 
\ 
\ .  
\ 
\ 

\ 
\ 

\ 
\ 

\ 
\ '. 

t 
I .  
I 

Fig. 2 P a t h  of In tegra t ion  i n  t h e  p-plane 
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and l e t t i n g  € 3  0, w e  obtain 

D 
B 

' c 3  
B 

or, 

0 

where 

&=O -1 

,+iw 
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Then, the so lu t ion  of E q .  (11) i n  a n a l y t i c a l  form i s  

where 

P +1 

-1 J 

and 

n +1 

-1 J 

To o b t a i n  an e x p l i c i t  expression f o r  the  so lu t ion ,  Eq. (24), we  

must now assume e x p l i c i t  func t iona l  forms f o r  9 I ( k , t )  and 

nl (I.,O> 

L e t  us s tar t  by assuming t h a t  t he  space and t i m e  p a r t s  of the  

source  func t ion  can be seF2rated and w r i t t e n  as  

The Laplace transform of Eq. (26) i_s 
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S u b s t i t u t i o n  of t h i s  equation i n t o  Eq.  (22) y i e l d s  

- 
NOW, assuning t h a t  q I (p) has no poles i n  p, and applying t 
Cauchyls theorem we ob ta in  

Using E q .  (27b), E q .  (25a) becomes 

n +1 

-1 J 

We now t ake  the  source func t ion  

i 

q 1 (k , t )  [ E q s .  (11) and (26)]  

t o  b e  a poin t  source a t  the pole  8 = 0 on the  lunar  sur face .  

W e  assume t h a t  it i s  "turned-on" b r i e f l y  a t  t i m e  tk and proceed 

the gas molecules t h a t  d i f fuse  from th is  poin t  source. From t h e  

f u n c t i o n a l  form of t h i s  d i s t r i b u t i o n ,  w e  w i l l  genera l ize  la ter  t o  

t h e  d i s t r i b u t i o n  due tq a point  source a t  any poin t  (ei,cpj) on 

the lunar sur face .  

f r o m  all t h e  poin t  souices  t o  ob ta in  t h e  sur face  d i s t r i b u t i o n  

n (p , t ) .  

t o  f ind the  sur face  d i s t r i b u t i o n  n I ( p , t ) ,  a t  t i m e s  t > tk, of 

Firially, we  w i l l  sum over t h e  con t r ibu t ions  

I 
Therefore, w e  start  by taking a point  source a t  t h e  pole  

( e .  = 0) 
1 

17 
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' .  

a t  t i m e  t = tk 

and 1 -2 l 
and note  t h a t  q (p) and q ( t )  have the  dimensions c m  

sec , r e spec t ive ly .  Furthermore, we  assume t h a t  t he  sur face  

d i s t r i b u t i o n  of gas  molecules i s  zero  before  the  source i s  "turned- 

CL t -1 

on" a t  t = tko I n  p a r t i c u l a r ,  a t  ' t = 0 ,  

Using 

Thus 

A l s o ,  

nl(CL,O) = 0 

It fol lows from E q .  (29b) t h a t  
F.3 

E q s .  (30) and (29a), we  ob ta in  E q .  (28) i n  t h e  form 

P +1 

the  s u b s t i t u t i o n  of E q .  (2%) i n t o  Eq. [ L J U J  / n  C L  \ y i e l d s  

T a ( t )  = 0 
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Recal l ing t h a t  t h e  so lu t ions  f o r  Sa( t )  and T a ( t )  given i n  

Eqs. (32) and ( 3 3 ) ,  respect ively,  are f o r  a point  source a t  t h e  

pole  (Si = 0) on the  lunar  surface,  t he  s u b s t i t u t i o n  of these  

i n t o  Eq.  (24)  w i l l  g ive  the  surface dens i ty  n 1 (p , t )  of the  gas  

times t > t k '  Therefore, f o r  t > tk, d i f f u s i n g  from t h i s  po in t  a t  

i = O  

and f o r  t < tk, - 

where w e  have used Eq. (20) and have taken cognizance of t he  f a c t  

t h a t  K i s  a negat ive quant i ty  s ince  it i s  the  l o s s  r a t e  of the  

d i f f u s i n g  p a r t i c l e s .  

I 

E q s .  

Introducing the  s t e p  funct ion 

I 
(t - t k )  = O f o r  t < tk - U 

= 1 f o r  t > tk , 

(34 )  can be 1-ombined i n t o  one equation for .  a 

/-- Q) 

f?=O 

19 
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Generalizing from t h i s  r e s u l t ,  i t  i s  c l e a r  t h a t  t h e  contr ibu-  

t i o n  t o  the  sur face  dens i ty  a t  an observat ion point  

J 
pends only on the  angle  a between P and P (cf .  Fig.  3 below) 

and t h e  t i m e  i n t e r v a l  

P(Q,(p) f r o m  

a point  source of s t r eng th  ( i n  cm -2 ) q a t  P I (e i ,%) de- 

c1 
c1 

o i j k  I 

( t  - t k ) .  

I 

Fig. 3 Lunar Coordinate System f o r  Model I1 

Therefore,  

,--- a, 

Q=O 
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is  def ined i n  Eq. ( 4 1 ~ )  below, and 
where 'oijk 

cos  a = cos 8 cos 8 .  + s i n  e s i n  6 cos ('p - qj) . 
1 i 

The t o t a l  surface densi ty  a t  a point  P(8,q) a t  t i m e  t > tk 

of a given species  of d i f fus ing  gas i s  the  sum over a l l  t he  point  

source cont r ibu t ions  ( 3 6 )  : 

It should be made clear t h a t  E q .  (37) i s  appl icable  t o  a l l  

points ,  P, t h a t  are not  source poin ts  and a r e  a t  least  severa l  

mean f r e e  path lengths  h (Fig.  3) d i s t a n t  from a poin t  source 

so t h a t  t h e  d i f fus ion  theory i s  appl icable .  

1 

If one makes the  assumption t h a t  t h e  d i s t r i b u t i o n  i s  the  same 

throughout t h e  sca l e  height ,  h, above the  surface point  (e ,q)  

as  it  i s  a t  t h i s  sur face  point,  then t h e  volume dens i ty  

of a given species  of d i f fus ing  gas  i s  obtained from Eq. 
n(r,@,'p; t )  

(37) by 

-2 and h i s  i n  cm. when n i s  i n  cm 
I -3 i n  c m  

I '  

2 1  



111. *AJMOSPHERIC SOURCE AND LOSS MECHANISMS 

A. S o g c e  Mechanisms 

1. Discussion 

A number of n a t u r a l  source mechanisms have been proposed by . 

various au thors  (Refs. 2-9) f o r  t h e  gases i n  the  tenuous lunar  

atmosphere. They f a l l  i n t o  two main ca tegor ies .  

the  sources assumed i n  t h e  lunar sur face  c r u s t  i t s e l f ,  while i n  

the  second category a r e  the i n f l u x  of ions from the  sun. The mDdel 

chosen f o r  t h e  n a t u r a l  lunar  atmosphere i n  t h i s  r e p o r t  i s  t h a t  of 

Hinton and Taeusch (Ref. 2) 

I n  t h e  f i r s t  are 

In a d d i t i o n  t o  t h e  n a t u r a l  sources, manned and unmanned expedi- 

t i o n s  t o  t h e  m3on w i l l  introduce a r t i f i c i a l  o r  contaminant sources 

i n t o  t h e  n a t u r a l  lunar  environment. Major among these will be t he  

exhaust gases  from l a rge ,  manned lunar  landing vehic les .  In par- 

t i c u l a r ,  the Lunar Module (LM) w i l l  exhaust a r e l a t i v e l y  l a r g e  

amount of gas  i n  i t s  descent t o  t h e  lunar  surface.  Because a 

knowledge of t h e  d i s t r i b u t i o n  of rocke t  exhaust contaminants i s  

of p a r t i c u l a r  importance t o  t h e  lunar-surface-and-atmosphere 

sample c o l l e c t i o n  and a n a l y s i s  g * ~ s e s  of the L,M mission, and s i n c e  

t h i s  source can be represented i n  a s u i t a b l e  way f o r  treatment by 

cur Models I and 11, w e  consider t h i s  case as  an example of varia- 

ti-ons i n  t h e  n a t u r a l  lunar  atmosphere. 

2. Model I 

In  t h e  d i f f e r e n t i a l  equation [ c f .  Sec. 11, E q .  (l)] f o r  th.i.s 

moL.21 we havz Liitroduced two source t e r m s ,  B and C ( t ) .  We now 

l e t  r ep resen t  t h e  n a t u r a l  sources of t h e  lunar  atmosphere and 

C ( t )  r ep resen t  t h e  LM exhaust source. Following Hinton and 

Taeusch (Ref. 2) ,  we have expressed B i n  the  form 

B 
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(3 9) 
2 2 B = XJm 4- Js4m0 
0 

and w e  have chosen n = B/AV i n  E q s .  (3) and (4 ) .  The f i r s t  

t e r m  i n  E q .  (39) represents  the number of particles of a given gas 

species emit ted pe r  second in to  the  lunar  atmosphere due t o  t h e  

n e u t r a l i z a t i o n  and d i f f u s e  r e f l e c t i o n  of solar wind ions a t  t h e  

lunar  surface.  The s o l a r  wind i s  assumed t o  have a uniform f l u x  

of J p o s i t i v e  ions p e r  c m  per ,second a t  each poin t  on t h e  

s u n l i t  s i d e  of t he  lunar  surface.  Then t h e  e f f e c t i v e  capture  c ros s  

sec t ion  of t he  moon f o r  these ions i s  

r ad ius .  They s t r i k e  the moon, are neut ra l ized ,  and reemit ted as 
n e u t r a l  gas atoms with a Maxwellian d i s t r i b u t i o n  of v e l o c i t i e s  a t  

0 

2 

where r i s  the  lunar  2 
0 

t he  temperature of the  surface.  This i s  p ic tured  a s  process 

i n  Fig.  4. X ' r ep resen t s  the  f r a c t i o n  of p o s i t i v e  ions of a 
B1 

n 

Fig. 4 P i c t o r i a l i z a t i o n  of t h e  Lunar Atmospheric Source 
. and Loss Mechanisms 
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p a r t i c u l a r  spec ies  i n  the solar wind. 

posed c h i e f l y  of protons, a lpha par t ic les ,  and e l ec t rons ,  follow- 
ing Hinton and Taeusch (Ref * 2), who i n  t u r n  adapted t h e i r  estimates 

from A l l e r r s  work (Ref. l o ) ,  w e  have taken X = 0.86 f o r  H and 

Since t h e  s o l a r  wind i s  com- 

. x = 0 f o r  a l l  t h e  o the r  species  i n  the LM exhaust (cf. Table 1). 

This process thus beco'mes an important source of H atoms i n  the 

n a t u r a l  lunar  atmosphere. 

The second t e r m  i n  E q .  (39) r ep resen t s  t h e  number of p a r t i c l e s  

of a given g a s ' s p e c i e s  emit ted p e r  second i n t o  t h e  lunar  atmosphere 

due t o  the  f lux ,  J s J  

lunar sur face  c r u s t .  This i s  p i c tu red  as process B2 i n  Fig.  4 .  
A t  present  any estimates of these n a t u r a l  sur face  sources must be 

considered t o  be q u i t e  specula t ive ,  Hinton and Taeusch (Ref. 2) 

of such g a s  p a r t i c l e s  from sources i n  t h e  

5 2 estimate t h a t  Js = 1.5 x 10 molecules p e r  c m  p e r  sec i s  t h e  

average va lue  f o r  water vapor f lux  f o r  the e n t i r e  lunar  su r face  due 

t o  the  evaporation of ice, which poss ib ly  has  been r e t a i n e d  on thost. 

por t ions  of t h e  lunar  sur face  t h a t  are permanently shaded from t h e  

sun. For a l l  the o ther  gas- species  t h a t  appear i n  the LM exhaust 

(Table l), we have taken 

conta in  estimates of Js f o r  some of t hese  species .  For example, 

Vestine (Ref. 8) g ives  es t imates  of 3, f o r  'C02 based on the 

a s s u m p t i o n s t h a t t h e  composition of t h e  moon i s  s i m i l a r  t o  t h e  e a r t h '  

c r u s t  and mantle, and that i t s  y i e l d  per year i s  prapor t iona l  t o  

J, = 0, although t h e  l i t e r a t u r e  does 
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It should be s t r e s s e d  t h a t  t h e  a i m  of our ca l cu la t ions  i s  t o  

f ind  the cont r ibu t ions  made t o  the lunar  atmosphere by the  LM ex- 

haust gases, whichare independent of the  a c t u a l  composition of the  

lunar atmosphere. 

The major spec ies  of exhaust gases  emanating from the  descent  

engine aof t he  LM a r e  l i s t e d  i n  Tab'le 1. 

assume t h a t  a t o t a l  mass, 
surface (spreads uniform1y);accommodates t o  the  surface tempera-  
ture and then i s  reemit ted a t  a uniform ra te  i n  the  t i m e  sec-  

i ;nds.  This i s  p ic tured  as process C i n  F i g .  4 ,  Thus, the  atmo- 

In  t h i s  s i m p l e  Model I we 

Mj of exhaust gas  s t r i k e s  the  lunar  

T 

:;;:hcric source t e r m  C(t) f o r  the LM exhaust gases  i s  given by 

Eqs. (2) with Dl defined by the equat ion 

NAyM Dl = - 
WT ' 

where 

Y = mole f r a c t i o n  of a given species  of gas i n  

the  exhaust,  

M = t o t a l  mass of exhaust gas i n  grams, a r b i -  

t r a r i l y  chosen as lo7 grams, 

NA = Avogadro's number, 

W = molecular weight o f  t he  given species  of gas .  

TI,. - - 1  
I a ~ ~  L I U L ~  f r a c t i o n s  

fisg t of  the  LM descent engine a re  l i s t e d  i n  Table 1. 
(Y) of the  major species  of gases i n  t h e  ex- 
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In  our ca lcu la t ions  we have chosen the  values  100 seconds 

and 1000 seconds f o r  T a s  reasonable estimates. 

3. Model I1 

In t h t s  model w e  have taken the  atmospheric sources  t o  be 

[ c f .  Sec. 11.3, E q .  ( 3 6 ) ]  d i s t r i b u t e d  over 

I n  our ca lcu la t ions  using t h i s  model we have 
‘oij k po in t  sources  

the lunar  sur face .  

ignored the n a t u r a l  sources and t r e a t e d  as atmospheric sources only 

the LM descent  exhaust d i s t r i b u t e d  on the  lunar  s u r f a c e . .  The i n i -  

t i a l  s p a t i a l  d i s t r i b u t i o n  o f . t h e  LM exhaust gas as it  impinges on 

the lunar  su r face  i s  taken as known input  from f a r - f i e l d  gas dynam- 

ics c a l c u l a t i o n s  ( c f .  Sec. I V  A of Ref. 11). These ca l cu la t ions  

y i e l d  the  t o t a l  mass per u n i t  a r ea ,  rn(Bi , (P.)  ( i n  s l u g s / f t  ), of 
J 

LM exhaust gas t h a t  impinges on the  lunar  surface a t  t h e  point  

(e.,%).) for a given LM descent t r a j e c t o r y .  

2 

L J  

of these  f a s t  p a r t i c l e s  of a fl, Assuming t h a t  a f rac t ion ,  

given s p e c i e s s t i c k  t o  the  lunar surface f o r  per iods t h a t  are long 

of 
2 ij’ compared t o  the  observat ion t i m e  t , ’  then the  number, n 

molecules of t h i s  exhaust gas  specie  t h a t  are emit ted p e r  cm i s  

given by 

3 

ij 2.205 (30.48) 

32.17 x 10 n =  

where the  parameters N,l, Y, W 

above and t h e  numerical f ac to r  

s I u g s / f t ”  t o  moleculesicm-. 
3 7 

w e r e  def ined i n  Sect ion III.A.2 
completes the  conversion from 

We have divided the lunar i-egizlri 

over  which the  exhaust i ;  d i s t r i b u t e d  i n t o  small areas ,  

and assumed each species  of exhaust gas i s  
j’ 

r s i n  eiAeiA(p 

r eemi t t ed  a t  a t i m e  

‘oij k 

0 

from each area  element as a point  source tk  
loca ted  a t  i t s  center  (ei, vj ) .  
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To determine t h e  source s t rength,  qoijk,, equate  the t o t a l  
molecules emi t ted  by t h i s  small a rea  as obtained from Eq. (41a) t o  

t h o s e  as given by us ing  a po in t  source 

s i m i l a r  t o  t h a t  i n  Eqs. (26) and (29), but  a t  a genera l  po in t  

(6,,qj) r a t h e r  than a t  the pole .  Therefore, 

2 so that the source s t r e n g t h  i n  molecules per  c m  i s  

j 
= n s i n  BiAeiAlp 

'oij k i j  B 
3 NAYm(ei, 'Pj) 

(1 - f l ) s i n  eiAeiArp ( 4 1 4  
- 32.17 x 10 - 

W j 

fl 
0 
D 
El 

2.205 x (30.48)2 

In the -present  ca l cu la t ions ,  w e  used t h e  m(Bi, rpj) ca lcu la -  

t e d  (Ref .  11) f o r  a LM t r a j e c t o r y  t h a t  yielded a uniform d i s t r i b u t i o n  

w i t h  r e s p e c t  t o  rp about the plane 'pj = 0. It w a s  found t h a t  

rn(ei,qj) = 0 f o r  ei > l o o ,  when the LM touchdown po in t  i s  chosen 

as the p o l e  of t h e  sphe r i ca l  coordinate system and the o r i g i n  i s  

chosen a t  c e n t e r  of t h e  moon (Fig. 3 ) .  

B. Loss Mechanisms 

1 . Discussion 

Gas p a r t i c l e s  can be l o s t  f r o m  a n  atmosphere by a number of 

p rocesses .  They can be l o s t  by i n t e r a c t i o n s  with o ther  atmospheric 
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gas p a r t i c l e s ,  so l a r  wind ions,  s o l a r  photons, t h e  lunar  surface,  

and a l s o  by thermal evaporation ( Jean ' s  escape mechanism) from the  

top of the  atmosphere. 

" 6  3 In the  tenuous lunar  atmosphere [< 10 atoms/cm i s  estinated 

by Elsmore (Ref. 12) ] t he  mean-free-path between c o l l i s i o n s  i s  so 

l a rge  t h a t  we  can consider c o l l i s i o n s  between the  atmospheric gas 

p a r t i c l e s  t o  be neg l ig ib l e  as a 1oss.mechanism. 

2 The s o l a r  wind t o t a l  pos i t i ve  ion f l u x  J i n  ions/cm sec i s  

known t o  vary with solar a c t i v i t y ,  so t h a t  the f l u x  X J  of a posi-  

t i v e  ion species o f r e l a t i v e  amount X 

with t i m e .  Although we have used two  values  ( lo9  and 10 

ions/cm sec) of J i n  our ca lcu la t ions  of the atmospheric gas  

dens i t i e s ,  we have assun-Ed a constant  value of 500 h / s e c  f o r  

i n  the  s o l a r  wind w i l l  vary 
12 

2 

t h e  stream veloc i ty .  

and.alpha p a r t i c l e s ,  which form t h e  major 

of t he  s o l a r  wind, are such (of t he  order  of 1 keV) t h a t  t h e i r  

important i n t e rac t ions  with the atmospheric gas p a r t i c l e s  are elas- 

t i c  c o l l i s i o n s  and charge exchange c o l l i s i o n s .  

A t  t h i s  v e l o c i t y  the  energies  of  t he  protons * 
p o s i t i v e  ion cons t i t uen t s  

These a r e  p ic tured  

and AI, respect ively,  i n  Fig.  4 .  Estimates A2 as processes  

(with order of magnitude accuracy) of the  cross  sec t ions  CT 

(cf .  discussion-  Sec. I I I ' . B  .2 below) and 

f o r  these  processes a r e  l i s t e d  i n  Table 1. The cross  sec t ions  are 

ea 
(chief  source was Ref. 15) 'ex 

much smaller f o r  these c o l l i s i o n  processes when 500 km/sec e l ec -  

t r o n s  (E - 1 ev) are incident  upon the  atmospheric gases .  There- 

fore ,  w e  have neglected e lec t rons  in t e rac t ing  with the  atmospheric 

gases  a s  an important l o s s  mechanism. 

3; 
Following Hinton anc Taeusch (Ref. 2) w e  ,,ave chosen X = .86 f o r  
F?- and X = .14 f o r  He*. 
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Solar photons i n  t h e  u l t r a v i o l e t  region of t he  spectrum can 

ionize and d i s s o c i a t e  the atmospheric gases.  

pictured as A3 i n  Fig. 4 .  Using Hin te r r ege r l s  estimates (Ref. 13)  

of the s o l a r  photon f l u x  

ionizat ion and photodissociat ion c r o s s  sec t ions ,  w e  have l i s t e d  i n  

Table 1 t h e  combined l o s s  ra tes  

photodissociation of t h e  gas  species  i n  t h e  LM exhaust.  It should 

be noted t h a t  w h i l e  photoionizat ion c ros s  sec t ions  are  a v a i l a b l e  

These processes are 

together  wi th  estimates of photo- OO J 

CoQ0 due t o  photoionizat ion and 

f r o m  t h e  l i t e r a t u r e ,  photodissociat ion c ros s  sec t ions  a r e  no t .  W e  

estimated these  from t h e  t o t a l  photoabsorption c ros s  sec t ions  t h a t  

a r e  a v a i l a b l e  i n  the l i t e r a t u r e  (chief source w a s  Ref. 16) 

To c a l c u l a t e  t h e  thermal evaporation w e  assume t h e  lunar  atmo- 

sphere i s  c o l l i s i o n l e s s ,  isothermal a t  t he  temperature, T, 

of the lunar  surface,  of volume, V, and scale he ight ,  h, with 

the lunar  sur face  as i t s  base. 

the t o p  of the  atmosphere o f  t he  high v e l o c i t y  p a r t i c l e s ,  which 

form the  t a i l  of the  Maxwellian d i s t r i b u t i o n  of p a r t i c l e  v e l o c i t i e s  

Then, t h e  r a t e  of evaporation from 

i n  t h i s  atmosphere, i s  given by Jean’s formula (Ref. 14) i n  

where t h e  mean thermal speed is 

- rskr c = J  - rm ’ 

r = r  + h ,  
0 

and m i s  tbe mass of a gas  p a r t i c l e .  This l o s s  mec1.anism 

-1 sec 

(42) 

( 4 3 )  

i s  p i c -  

tu red  a s  A4 i n  Fig. 4 .  In a f i r s t  approximation w e  have chosen 
r = r  . 

0 
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I '  

The l o s s e s  due t o  the  in t e rac t ions  between t h e  gas par t ic les  

and t h e  lunar  sur face  are discussed below under Models I and 11. 

2. Model I 

-1 Tine lo s s  r a t e  ( i n  sec ) f o r  t h e  mechanisms discussed above 

(Sec. IIL.B.l) a r e  mathematically represented i n  t h i s  model by the  

q u a n t i t y  A i n  Eq. (1). Adopting the  Hinton and Taeusch (Ref. 2) 

no ta t ion  w e  mite t h i s  i n  the  f o r m ,  

-r /h 2 m 
(44) 

0 -  + Xol) + coo + - c e  
PV 

The f i r s t  term of t h i s  equation represents  the  r a t e  a t  which 

an atmospheric p a r t i c l e  i s  l o s t  as the  r e s u l t  of an e l a s t i c  c o l l i -  

s i o n  with a solar wind ion. J i s  again the  t o t a l  p o s i t i v e  ion 

f l u x  in  the  s o l a r  wind p e r  cm p e r  scc. A s  a f i r s t  approximation 

w e  have ignored the  d i f fe rence  between protons and alpha p a r t i c l e s  

f o r  t he  e l a s t i c  s c a t t e r i n g  of t h e  atmospheric p a r t i c l e s  and have 

considered the  cross  sec t ions  sea f o r  s c a t t e r i n g  through a l l  

angles  g rea t e r  than a minimum angle,  so  t h a t  t h e  atmospheric p a r t i -  

cle ga ins  a t  least  enough energy i n  the  process t o  enable  i t  t o  

2 

t 

escape . For the  heavier  atmospheric par t ic les  05, co, co2, NO, 
t 

02) l i s t e d  i n  Table 1 w e  have est imated cs by in t e rpo la t ion  
* ea 

from those 0' ca lcu la ted  by Hinton and Taeus'ch (Ref. 2) f o r  A r ,  

K r ,  and X e  using the Thomas-Fermi atomic model. For t h e  l i g h t e r  
ea 

p a r t i c l e s  (H, H2, 0, 0,1, H20) i n  Table 1, where t h e  Thomas-Fermi. 

model presumably does not  app ly ,  w e  have used the  gas k i n e t i c  cross  

s e c t i o n s  0 (Refs. 2 and 14) and assumed 0' ea - - 0 e a *  Also, a 

f a c t o r  y i s  introduced i n  the f i r s t  t e r m  of E q .  (44)  t o  allow f o r  

the average geometric probabi l i ty  t h a t  a p a r t i c l e  rece iv ing  enough 

- ea 

energy i n  an e l a s t i c  c o l l i s i o n  w i l l  a c t u a l l y  be e j ec t ed  from the  
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atmosphere and not  

sphere.  Following 

- f o r  the very l i g h t  - I .  

h i t  t h e  moon and be r e f l e c t e d  back i n t o  the atmo- 

Hinton and Taeusch ( R e f .  2) w e  have taken y = 1 

gases H, H2 (which have l a r g e  scale he ights )  

- 

and y = 1 /2  f o r  t h e  o ther  gases. 

The second t e r m  of E q .  (44)  r ep resen t s  the ra te  a t  which an 

atmospheric p a r t i c l e  i s  l o s t  a s  the r e s u l t  of a charge exchange 

c o l l i s i o n  wi th  an inc iden t  s o l a r  wind ion. In  the  c o l l i s i o n ,  t h e  

n e u t r a l  atmospheric p a r t i c l e  t r a n s f e r s  one o r  two of i t s  e l e c t r o n s  

t o  the i nc iden t  ion, thereby becoming a p o s i t i v e  ion t h a t  i s  swept 

away by the  s o l a r  wind arid i t s  accompanying magnetic f i e l d ,  before  

. i t  can recombine i n  the  tenuous atmosphere. However, i n  analogy wi th  

the  case of e l a s t i c  c o l l i s i o n s ,  w e  must account f o r  those  p a r t i c l e s  

that do n o t  a c t u a l l y  escape because they a r e  s w e p t  toward t h e  lunar  

s u r f a c e  wi th  s u f f i c i e n t  energy t o  overcome t h e  small p o s i t i v e  poten- 

t i a l o f t h e  surface,  are neu t r a l i zed  the re  and r e e n i t t e d  i n t o  t h e  

atmosphere. I n  

o =  ex 

1 
a =  ex 

Hinton and Taeusch's (Ref . 2) no ta t ion  we l e t  

t h e  (measured, ca lcu la ted  o r  es t imated)  c ros s  

sec t ion  f o r  t he  charge exchange s c a t t e r i n g  of a 

proton or  a par t ic le  by an atmospheric gas 

p a r t i c l e  (c f .  Table l), 

the charge exchange "escape" c ros s  sec t ion ,  

and the necessary energy t o  reach  the p o s i t i v e l y  charged lunar  sur -  

f a c e  is a r b i t r a r i l y  set equzl t o  the  g r a v i t a t i o n a l  escape energy. 

In  t e r m s  of y ,  defined aboJe, (1 - y) i s  the  average geometric 

p r o b a b i l i t y  t h a t  a charge-exchanged p a r t i c l e  w i l l  h i t  t he  lunar  

s u r f a c e  and 

being r eemi t t ed  as n e u t r a l s  t ,  the  atmosphere. Thus, t h e  average 

c r o s s  s e c t i o n  f o r  a c t u a l  loss  of p a r t i c l e s  from t h e  atmosphere by 

t h e  charge  exchange mechanism i s  

- - 

! - 
(1 - y)oex i s  the  cross sec t ion  f o r  such p a r t i c l e s  
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0 = (J - (1 . -  j)oe, . 1 ex 

t 
To ca l cu la t e  CT it  i s  assumed t h a t  ex' 

(45) 

where Table 1 contains  the  cross  sec t ions  needed f o r  the  ca lcu la-  

t i o n s .  It i s  seen tha t ,  where measurements are ava i lab le ,  the  

d i f fe rence  between H+ (X = 0.86) and He * (X = 0.14) i n  
charge exchange reac t ions  has been noted. 

The t h i r d  and four th  terms i n  E q .  (44) represent  the  photo- 

ra te  and the  thermal evaporat ion ion iza t ion  -I- photodis ionizat ion 

r a t e ,  respec t ive ly ,  as discussed above i n  Sec. III.B.1. 

The f a c t o r  6, by which the  l o s s  ra te  terms due t o  solar  

wind and photon in t e rac t ions  are  mul t ip l ied  i n  E q .  (44) ,  i s  the  

f r a c t i o n  of the  p a r t i c l e s  of a given species  i n  the  atmosphere 

t h a t  i s  exposed t o  the  sun. The assumed values of f3 f o r  Model. I 

are l i s t e d  i n  Table 1. Since the  l i g h t  p a r t i c l e s  H and H2 
should have d e n s i t i e s  t h a t  are f a i r l y  constant  over t he  lunar  sur-  

f ace  and a l s o  l a rge  sca l e  height ,  

most  of t h e i r  s ca l e  volume, V, i s  exposed t o  the  sun. Thus, w e  

take  6 = 1 f o r  these, For the  heavier  partic.:'es w e  have taken 

h, because of t h e i r  small mass, 

B = 1 / 2 .  

To account f o r  the  l o s s  due t o  the  interact :on between the  gas 

p a r t i c l e s  and the  lunar  surface,  i n  t h i s  model we  may introduce a 

f a c t o r  f i n  E q .  (40) s o  t ha t  the  source t e r m  D, becomes 

NAY f M - 
Dl - WT , 
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the  sur face  and i s  reemit ted in  the  t i m e  7. Therefore, through 

t h e  f a c t o r  f ,  we can allow f o r  t h e  p o s s i b i l i t y  t h a t  a f r a c t i o n  

(1 - f )  
and i s  not  reemi t ted  i n t o  t h e  atmosphere. In analogy, similar 

allowance f o r  s t i c k i n g  t o  t h e  sur face  can be made i n  the f i r s t  t e r m  

of B i n  E q .  (39) and i n  t h e  second t e r m  of A i n  E q .  (44). How- 

ever, i n  t h e  present  ca lcu la t ions ,  i n  Model I we  have assumed no 

long t e r m  s t i c k i n g  of t he  gas  molecules t o  t h e  lunar  surface,  

of t h e  impinging exhaust gas  s t i c k s  t o  t h e  lunar  sur face  

3. Model I1 

Recal l  t h a t  i n  our present  ca l cu la t ions  the only atmospheric 

source considered i n  t h i s  model i s  t h e  exhaust gas from the descent 

rocke ts  of t he  LM (Sec. III.A.3). I n  add i t ion  t o  the l o s s  ra te  A, 

E q . .  (44), discussed above, w e  now wish t o  allow f o r  l o s s e s  due t o  
poss ib le  adsorpt ion of t he  exhaust gas on the  lunar  sur face .  

cussed above [ E q s .  (4lc) ]we assume t h a t  a f r a c t i o n ,  
impinging, f a s t  moving (4 3 km/sec) exhaust gas s t i c k s  t o  t h e  

A s  d i s -  

f l ,  of t h e  

lunar  su r face  upon i n i t i a l  i m p a c t  and adheres f o r  times long com- 

pared t o  the  observation t i m e  t .  

Furthermore, we assume t h a t  in  t h e  course of t h e  t w o  dimensional 

d i f f u s i o n  from t h e  poin t  sources o f  the thermal ized  m,)lecules, a f r a c -  

t ion ,  

su r f ace  f o r  t i m e s  long compared t o  t h e  observation t i m e  

i n  th i s  model t h e  loss r a t e  K [Eqs. (8), (36) 1 contains  i n  addi-  

t i o n  t o  t h e  lo s s  ra te  A of E q .  (44), a t e r m  f o r  t h e  ra te  of l o s s  

due t o  su r face  s t i c k i n g  of t h e  d i f fus ing  thermalized IT j l ecu les :  

of t hese  slowly moving molecules adheres t o  t h e  lunar  2' 
t .  Thus, 

I 

- 

t? 
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The values  of the  adsorpt ion c o e f f i c i e n t s  f l  and f 2  f o r  
the  var ious gas  species  i n  the LM exhaust are l i s t e d  i n  Table 2, 
together  with desorpt ion times T These were ca l cu la t ed  (Ref. 11) 

f o r  chemical adsorpt ion t o  a s i l i c a t e  model of the  lunar  surface.  

The temperature of t h e  lunar  surface w a s  taken a s  constant  a t  300'K. 

Since the  t r u e  adsorpt ion c o e f f i c i e n t s  and desorpt ion times 

0 

are dependent upon t h e  na ture  of t h e . l u n a r  surface material, which 

and 't i n  Table 2 fl, f 2 J  0 
i s  present ly  unknown, the  values of 

must be considered as extremely rough estimates only.  In  our calcu-  
l a t i o n s ,  w e  have taken f l  = f 2  = 0 f o r  those gas species  (H2, CO, 

C02,  H) t h a t  liave small desorption times (< l o3  sec) ,  s ince  d i f -  

fusion theory i s  not  val id  for  times less than the t i m e  i t  takes  a 

molecule t o  move through a dis tance of several  mean f r e e  paths .  

t he  o ther  gas species  i n  Table 2, which have e f f e c t i v e l y  i n f i n i t e  

* 

For 

f l  
desorpt ion times, we have performed our ca lcu la t ions  with the  

and f2 values  l i s t e d  and also with f l  = f 2  = 0. 

In t h i s  m x k l  we  have s e t  B = 1 i n  E q .  (44)  f o r  a l l  t he  ex- 

haus t  species ,  s ince  f o r  t he  t i m e s  and pos i t ions  of g r e a t e s t  imme- 

d i a t e  p r a c t i c a l  i n t e r e s t ,  (near t he  LM, within 1 day of landing) ,  

t he  dominant e f f e c t s  probably occur with the  bulk of the  molecules 

i n  sunl ight .  
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Table 2 

YALUES OF SOME 'ADDITIONAL INPUT PARAMETERS FOR MODEL 11 

H2° 

N2 

H2 

co2 

co 

H 

OH ' 

NO 

O2 

0 

a, 0.9750 0.99912 

0.947 0.99885 m 

0.9926 0.99760 3.2 x LO3 

0.874 

0.779 

0.997 

0.987 0 . 99947 

0.99768 8.7 x 10 3 

0.99767 8.7 x 10 3 

0.99732 1.5 x 10 2 

m 

0.985 0 . 99965 W 

0.933 0.99885 W 

0.985 0.99934 00 

0.645 

0.517 

1.93 

0.517 

0.412 

2.73 

0.664 

0.499 

0.483 

0.684 

2.57 

1.65 

23.0 

1.65 

1.05 

46.0 

2.72 

1.54 

1.44 

2.89 

39.0 

20.1 

10.5 x 10 

20.1 

10.2 

29.6 x 10 

42.6 

18.1 

16.4 

46.6 

2 

2 

1 These values  w e r e  ca l cu la t ed  f r o m  t h e  equation 

-9 

s i n  2a A e -  ' CL 

gm 

derived from t h e  l a w s  of kinematics f o r  motion of t he  thermalized 

- 
c cos a , \- = 

and w e  have chosen a = 45" as the average angle  of reemission. 
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IV. RESULTS 

For each spec ies  of t h e  exhaust gas, we  have c a l c u l a t e d  the 
number dens i ty  n ( t )  from Eqs. (3) and (4) f o r  0 < t < 10 7 seconds 

w i t h  T = 100 and 1000 seconds, J = 10 9 and 10 -12 c m  -2 s ec  -1 . - 

In  a l l  cases, T = 300°K and f = 1.. These r e s u l t s  are shown i n  

F igs .  5 through 15. In  the f igures ,  which a r e  reproduct ions of 

CALCOMP p l o t s ,  t h e  FORTRAN symbols NO(TT) and TT r ep resen t  

n ( t )  i n  par t ic les /cm3 and * t i n  seconds, r e spec t ive ly .  Also, 

f i s  represented by t h e  FORTRAN symbol F. It should be noted 

t h a t  t h e  number dens i ty  i n  each f i g u r e  i s  t h e  t o t a l  of t h e  Hinton 

and Taeusch (Ref. 2) ambient atmosphere p lus  the LM exhaust f o r  

t h a t  p a r t i c u l a r  gas  species. Since t h e  log-log p l o t s  n e c e s s a r i l y  

d i s t o r t  t h e  values  NO(TT) = 0, i t  should be understood t h a t  

NO(TT) = 0 a t  TT = 0 f o r  a l l  t h e  gases  except H20 and H. 

B. Model IL 

For each spec ies  of t h e  exhaust gas, w e  have ca l cu la t ed  i n  
7 Model 11 n(@,cp,t) f o r  LO3 < t < 10 seconds a t  seve ra l  values  . 

of 8 when J = 10 cm' sec 

no s t i ck ing ,  

c o e f f i c i e n t s  have t h e  values  l i s t e d  i n  Table 2 .  The r e s u l t s  are 

shown i n  t h e  graphs of Figs .  16-51,? where N(1"E) i s  t h e  value 

of n(8,cp,t) i n  par t ic les /cm , T i s  t h e  t i m e  t i n  seconds and 

- 
and T = 300"K, f o r  the case of 9 -2  

f l  = f 2  = 0, and f o r  t h e  case i n  which t h e  s t i c k i n g  

3 

F1, F2 rep resen t  fl, f2 ,  respec t ive ly .  Zero t i m e  corresponds 
C ^  L1_ L w  Llle start u i  ihe powered descent of LM, whici-, i s  some 500 sec- 

onds beEore touchdown. It should be noted t h a t  t n e  number densi ty ,  

F igures  16 through 45 are photo reproductions or' CALCOMP computer 
p l o t s  made on log-log graph p a p e r  using a scale t h a t  p e r m i t s  only 
four  cyc les  on t h e  ord ina te  a x i s ,  
c a l  p l o t t e r ,  of course, d i s t o r t s  t h e  curves a t  l a r g e  values  of T 
when the  N(PHE) values  a re  too small t o  f i t  on t h e  sca l e .  Such 
va lues  are a l l  represented by po in t s  p l o t t e d  on t h e  absc i s sa  axis. 

t 

This l i m i t a t i o n  of t h e  mechani- 
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~ ( p m ) ,  i n  each f i g u r e  i s  t h a t  f o r  t h e  LM exhaust only, exclud- 
ing the  Hinton and Taeusch ambient atmosphere. The values  O.O0lo, 
O.0lo, go", and 180" chosen f o r  8 ( ind ica ted  by THETA on t h e  

f igures)  correspond t o  t h e  d is tances  of approximately 30 meters, 
300 meters, 2800, and 5600 km, respec t ive ly ,  from t h e  LM touch- 

down point ,  which i s  the  pole  of our sphe r i ca l  coordinate  system. 

D 
D 
f3 
D 
0 

0 
B 
n 
0 
€I 
fi 
B 
B 
D 
0 

n 
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V. DISCUSSION OF RESULTS. 

A .  Model I 

- The r e s u l t s  presented i n  Figs .  5-15 f o r  t h i s  s i m p l e  model 

represent  an "averaged" contamination of t he  lunar  atmosphere by 

the  LM exhaust gases .  This model should y i e l d  the  asymptotic . 

values of t he  contaminant gas d e n s i t i e s  approached by space depen- 

dent d i s t r i b u t i o n  models, such as our Model 11, a t  times long a f t e r  

rocket  shutof f .  

In Model I w e  have assumed t h a t  t h e  t o t a l  mass of LM exhaust 

(nominally chosen a s  10 metric tons)  h i t s  the  lunar  surface,  

spreads uniformly over the  surface,  accommodates t o  t he  temperature 

of the  sur face  (chosen t o  have a value of 300°K) and i s  r e e m i t t e d  

i n  i t s  e n t i r e t y  

ra te  i n  t h e  t i m e  i n t e r v a l  T (chosen a s  100 and 1000 seconds). 

In  t h e  a c t u a l  powered descent phase of the  LM, t he  t r a j e c t o r y  of 

t he  LM and the  e x i t  v e l o c i t i e s  of the  exhaust gases are such t h a t  

approximately 90 percent  of the  t o t a l  exhaust w i l l  be l o s t  i n t o  

space, and of the  remaining approximately 10 percent t h a t  does 

s t r i k e  the  surface,  some w i l l  s t i c k  f o r  long per iods of t i m e .  How- 
ever ,  Model 11 does take cognizance of a c t u a l  LM descent charac- 

t e r i s t i c s  and the  surface s t ick ing  of exhaust p a r t i c l e s  and, there-  

(f = 1) in to  the  lunar  atmosphere a t  a constant  

fo re ,  t he  r e s u l t s  ( c f .  Figs.  16-51) are more r e a l i s t i c  estimates 

of t h e  i n t e n s i t i e s  and d i s t r i b u t i o n s  of the  LM contaminants i n  

the  lunar  atmosphere. 

In comparing the  Model I and Model 11 r e s u l t s ,  it should be re- 
I-alled t h a t  our Model I r e s u l t s  (Figs.  5-15) give the  t o t a l  of the  

Hinton and Taeusch ambient atmosphere plus  the  LM exhaust number 

dens i ty  f o r  each gas species  i n  the  exhaust, while Model 11 re- 

s u l t s  (Figs .  16-51) give the  number dens i ty  f o r  t he  LM exhaust 

39 



H2° gas species  only.  O f  t h e  species  present  in  the LM exhaust, 

and 

Furthermore, a t o t a l  mass of 10 metric tons of exhaust strikes 

the  lunar  su r face  i n  Model I, while approximately 

H are also present  i n  t h e  Hinton Taeusch ambient atmosphere. 

1 metric ton of 

exhaust strikes it i n  Model 11. Then, making the  appropr ia te  com- 

par isons of t h e  r e s u l t s  f o r  Model I (Figs. 5-15) with the  r e s u l t s  

f o r  Model I1 (Figs.  16-46), a t  times a f t e r  a uniform d i s t r i b u t i o n  

has  been reached, it i s  seen that Model I1 number d e n s i t i e s  do 

approach the  Model I dens i t i e s .  

probably due t o  the crude B(= 1) value chosen f o r  i t  i n  Model 111. 

For example, i n  Fig.  46 t he  d e n s i t i e s  ( i n  ~ m - ~ )  of CO are 
p lo t t ed  aga ins t  t he  t i m e  ( i n  secs) f o r  Models I and 11. W e  have 

scaled the  Model I d e n s i t i e s  down by a f a c t o r  of 1/10 t o  account 

for the  10 times l a r g e r  i n i t i a l  t o t a l  mass of exhaust assurczd i n  

Mode1,I. 

Model I a f t e r  some few days, when a uniform d i s t r i b u t i o n  over t h e  

surface i s  a t t a i n e d  i n  Model 11. 

[H2 i s  an exception, which i s  

It i s  clear t h a t  Model 11 d e n s i t i e s  approach those of 

It i s  seen from Figs .  5-15 t h a t  H20, N2, and CO make t h e  

l a r g e s t  cont r ibu t ions  i n  t h i s  s i m p l e  model over per iods g r e a t e r  

than 1 day. 
t he  lunar  surface,  water vapor, the  contaminant of g r e a t e s t  seleno- 

physical  i n t e r e s t ,  reaches a maximum p a r t i c l e  densi ty  of approxi- 

mately 20 t i m e s  that predicted (Ref. 2) f o r  i t s  abundance i n  the  

ambient atmosphere. 

hyc’rogen 

(J) 
The s o l a r  wind tends t o  sweep the  atmosphere clean of a l l  contami- 

nants  except  H. I n  the case  of H, t h e  solar wind protons (H+) 

a r e  . i eu t ra l ized  and d i f f u s e l y  r e f l e c t e d  by the  lunar  sur face  and 

thu: add t o  the H content of the atmosphere. This e f f e c t ,  of 

course, increases  with an increase i n  solar  wind f l u x .  For con- 

I f  a t o t a l  mass of 10 m e t r i c  tons  of exhaust strikes 

It i s  clear from t h e  f igu res  tha t ,  except f o r  

(H), t h e  e f f e c t  of an increase i n  the  s o l a r  wind f l u x  

i s  t o  decrease the  dens i ty  and decay times of the  contaminants. 
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venience of comparison, we have p l o t t e d  i n  Fig.  5 t he  Model I den- 
- 9  

si t ies  (in cmPJ) of H20, H, and O2 agains t  t h e  t i m e  ( i n  secs)  

fo r  J = lo9 and J = (cm 2sec-1) f o r  T = 1000 secs. 
- 

Figure 6 compares the  Model I d e n s i t i e s  of atomic oxygen f o r  
two values  of T (= 10  2 , 10 3 secs)  and J(= 10 9 particles/  

n L c m  s e c ) .  Figure 7 makes the same comparisons f o r  water vapor. The 

behavior  w i th  T exhibi ted i n  Fig.  6 and discussed i n  Sec. II.A,3 
above i s  c h a r a c t e r i s t i c  of the d e n s i t i e s  of a l l  t he  exhaust spec ies  

for which B = 0 (= no) , i . e .  a l l  species  except H20 and H. 

For b r e v i t y  we have not  included i n  t h i s  r epor t  the  f i g u r e s  f o r  

t h e  remaining species  i n  Table 1 when T = 100 secs .  

- B. Model I1 

For this  more r e a l i s t i c  model, t he  space and time d i s t r i b u t i o n s  

of t h e  par t ic le  number d e n s i t i e s  f o r  t h e  LM contaminant gases  i n  

the lunar  atmosphere a r e  shown i n  Figs ,  16-51. Resul ts  are obtained 

for  t h e - r e g i o n  of p r i m e  i n t e r e s t  f o r  t he  f i r s t  Apollo mission, t h a t  

is, wi th in  300 m e t e r s  of LM touchdown, f o r  a simulated LM descent 

t r a j e c t o r y  t h a t  l i e s  wholly in the  plane of a lunar  g r e a t  c i r c l e .  

This w a s  chosen as  the  lunar  meridional plane, i .e.,  t he  9 = 0 plane.  

Resu l t s  are a l s o  shown f o r  the p a r t i c l e  dens i t i e s  a t  l a r g e  d is tances  

(up t o  5600 km) from the LM touchdown point .  The t o t a l  mass of 

the LM exhaust gases  17as a r b i t r a r i l y  chosen as 10 met r ic  tons,  of 

which 1 metr ic  ton rezches the  surface of the moon from the  f a r -  

f i e l d  gas  f l o w .  

enclosed by the  10" l a t i t u d e  c i r c l e  about the  LM touchdown point  
t (pole)  . The number der ; i ty  ca l cu la t ions  were performed 1) using 

This i s  confined almost exc lus ive ly  t o  t h e  region 

See Table 11, p .  60 of Ref. 11. t 
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t he  s t i c k i n g  c o e f f i c i e n t s  i n  Table 2 and, a l s o  2) under t h e  assump- 

t i o n s  of no s t i c k i n g  t o  the  lunar  surface.  

c i e n t s  used  (Table 2) w e r e  obtained from Sec. 1V.F and G of Ref. 11. 

We have included only chemical s t i ck ing  s ince  the  phys ica l  s t i c k i n g  

c o e f f i c i e n t s  have desorpt ion times t h a t  are very sho r t  (- severa l  

seconds) compared t o  the  r e l a t i v e l y  long times (A / c  FCI lo3 seconds) 

needed f o r  t h e  d i f fus ion  equat ion [Eq.  (8)] t o  be appl icable .  

The s t i c k i n g  c o e f f i -  

I -  

It is  clear from Fig.  50 and Figs .  16-44 t h a t  t he  s i n g l e  most 

important loss  mechanism i s  t h a t  of adsorpt ion t o  t h e  lunar  surface.  

Unfortunately,  th is  e f f e c t  is  probably a l s o  the  least  w e l l  known of 

t h e  loss mechan'isms, due t o  t h e  general  l ack  of knowledge of the  

phys ica l  and chemical proper t ies  of the  lunar  surface.  This, com- 

bined wi th  the f a c t  t h a t  t h e  so la r  wind i t s e l f  i s  not  w e l l  known, 

makes t h e  t h e o r e t i c a l  determination of the  s t r u c t u r e  of t h e  lunar  

atmosphere and i t s  contamination very uncertain,  and a t  b e s t  only 

order  of magnitude est imates  can be expected. 

In Model 11, only t h e  f a r - f i e l d  input  has  been considered 

s i n c e  estimates of  the  nea r - f i e ld  cont r ibu t ion  t o  the  atmosphere 

i n d i c a t e  that it i s  small compared t o  the  f a r - f i e l d  cont r ibu t ion .  

The r e s u l t s  presented i n  Figs.  16-51 are f o r  a s o l a r  wind f l u x  
9 2 of 10 p o s i t i v e  ions p e r  cm per second, which approximates 

average s o l a r  wind parameters. However, s ince  the  f i r s t  Apollo 

mission w i l l  be near  t h e  tilie of s o l a r  maximum, it  i s  a n t i c i p a t e d  

that  the  solar wind w i l l  be more  in tense  than average. 

s o l a r  wind f l u e s  w i l l  l ead  t o  smaller decay t i m e s  f o r  the  exhaust 

contaminants and thereby e f f e c t  a f a s t e r  removai of t h e  contami- 

n a n t s  from the lunar  atmosphe.te. 

Larger 

- 
For both models, t he  values  of the  parameter  y chosen f o r  

each gas  spec ies  are given i r l  Table 1. 

ter is  an a t t e m p t  t o  represent  the geometric p robab i l i t y  t h a t  a 

We r e c a l l  t h a t  t h i s  parame- 

ff 

D 
0 

f 
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par t ic le  rece iv ing  enough energy i n  a c o l l i s i o n  t o  enable  it t o  

escape w i l l  a c t u a l l y  escape and the re fo re  be l o s t  t o  t h e  atmosphere. 

Following t h e  reasoning of Hinton and Taeusch i n  Ref. 2, w e  have - - 
chosen y = 1 f o r  t h e  l i g h t  gases H and H2, and y = 1 / 2  f o r  

t h e  remaining heavy gases i n  the  LM exhaust. 

I n  Model I1 we have chosen ,3 = 1 f o r  a l l  the exhaust gas 
species. This parameter represents  t h e  f r a c t i o n  of t h e  p a r t i c l e s  

i n  the  atmosphere t h a t  a r e  exposed t o  t h e  sun. 

from Model I, where t h e  exhaust gases were assumed uniformly d i s -  

t r i b u t e d  over t he  lunar  sur face  so t h a t  = 1 / 2  was chosen as a 
reasonable  value (except fo r  t he  l i g h t  gases H and H2 where 

,3 = 1 w a s  chosen), t h e  values of p = 1 i n  Model I1 account f o r  

t h e  f a c t  t h a t  t he  gases,  except H and H2, d i f f u s e  s lowly  from 

t h e  s u n l i t  s i d e  (where LM i n  t h e  f i r s t  Apollo mission w i l l  land) 

t o  t h e  dark s ide .  For H and H which d i f f u s e  quickly,  the  

value p = 1 i s  probably crude. I n  f a c t ,  i n  t h e  case  of H, 

which has i n  add i t ion  t o  the  LM exhaust source an  a d d i t i o n a l  

source due t o  n e u t r a l i z a t i o n  of t h e  s o l a r  wind protons, t h e r e  should 
probably be two parameters f3 i n s t ead  of one. 

A s  dis t inguished  

2' 

The values  of t he  cross  sec t ions  l i s t e d  i n  Table 1 are reason- 

a b l e  estimates gleaned from t h e  l imi t ed  l i t e r a t u r e  on these  c o l l i -  

s i o n  processes.  

c i a t i o n  c r o s s  

abundant l i t e r a t u r e  on t o t a l  photoabsorption t:ross sec t ions .  

The l i t e r a t u r e  i s  p a r t i c u l a r l y  scan t  on photodisso- 

sect ions,  so t h a t  t hese  were est imated from the  more 

F ina l ly ,  i t  should be pointed out t h a t  t h e  r e s u l t s  f o r  very 

I-.-, L L L ~ ~ ~ : S  '' IO3 s z c )  are  r ? c ? t  valid, si.nce f o r  t h e  d i f fus ion  tk 
theory t o  apply t h e  gas riiolecule must have undergone a t  l e a s t  

s e v e r a l  hops along t h e  surface.  
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I 

The present  ca l cu la t ions  have shown tha t :  

For a given l a t i t u d e  (6) on the lunar  surface,  

t h e  p a r t i c l e  dens i ty  f o r  any atmospheric contami- 

nant  species  i s  not  a func t ion  of t h e  longi tude 

For example, see Fig. 47 where t h e  dens i ty  of 

i s  p l o t t e d  f o r  8 = 90" and 9 = Oo, go", 180". 

The other  exhaust species e x h i b i t  a similar 

behavior. 

all t h e  o ther  f igu res  are a t  

In t h e  region of LM touchdown, t h e  p a r t i c l e  

dens i ty  of t he  contaminants i n  t h e  atmosphere 

does n o t  change with d is tance  f o r  d i s tances  of 

30 meters t o  300 meters from touchdown. There- 

fo re ,  t h e  graphs f o r  30 meters (@ = 0.001") are 

i d e n t i c a l  t o  those f o r  300 meters (6 = O.0lo), 
which are shown i n  the  f igu res  below. 

cp. 

H2° 

cp 

Thus t h e  Model 11 r e s u l t s  presented i n  

9 = 0'. 

It i s  seen from Fig. 48 and from Figs .  16-45, by comparing t h e  

d e n s i t i e s  f o r  t he  no s t i c k i n g  

(6 = 0.01') 
t h e  l i g h t  molecules H (Figs.  31-33) and H2 (Figs. 22-24) are 

uniformly d i s t r i b u t e d  i n  t h e  atmosphere over t h e  moon's sur face  i n  

a couple of hours, w h i l e  t h e  heavier  contaminants, 

and O2 (Figs.  40-42), r equ i r e  approximately s i x  da1.s t o  a t t a i n  

such a uniform d i s t r i b u t i o n .  

t i o n  t i m e s  between these  extremes with t h a t  of 

mately two days. 

t he  p a r t i c l e  number d e n s i t i e s  of t h e  contaminants are s u f f i c i e n t l y  

l a r g e  f o r  s i g n i f i c a n t l y  long times both i n  t h e  v i c i n i t . l  of. LM 
touchdown (Fig. 49) and a l so  a t  great d is tances  t h a t  t i e y  should be 

r e a d i l y  de t ec t ab le  by standard instruments. Indeed, if the  present  

(f l  = f 2  = 0) cases near  t h e  

w i t h  those a t  l a r g e  dis tances  (0 = go", 180"), t h a t  

C02 (Figs.  28-30) 

The o the r  contaminants have d i s t r i b u -  

3eing approxi- H20 
It i s  a l s o  c l ea r  t h a t  f o r  t h e  case c f ' n o  s t i ck ing ,  
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experimental  and t h e o r e t i c a l  estimates ( R e f s .  2, 12)  of approxi- 

mately lo6  par t ic les /cm3 f o r  t h e  ambient lunar  atmosphere a r e  

co r rec t ,  and t h e r e  i s  no s t i ck ing  of t h e  exhaust contaminants t o  

t h e  sur face ,  then the t c t a l  p a r t i c l e  number dens i ty  of t h e  contzmi- 

nants  i n  t h e  v i c i n i t y  of the LM i s  of t h e  order of t he  ambient 

atmosphere f o r  t h e  f i r s t  day a f t e r  touchdown (Fig. 51). However, 

i n  t h e  event t h a t  s t i c k i n g  t o  t he  sur face  occurs t o  t h e  ex ten t  t h a t  

w e  have estimated, those contaminants which have nonzero s t i c k i n g  

c o e f f i c i e n t s  

atmosphere only by more s e n s f t i v e  instruments i n  the  v i c i n i t y  of 

LEI touchdown and then only during the  f i r s t  few hours a f t e r  touch- 

down (Fig. 50).  Af te r  th i s  t i m e  period, only t r a c e  amounts 

(< 10 p a r t i c l e s / c n  ) of such contamifiai~ts will b e  present  i n  

+ t h e  lunar  atmosphere. A t  g r ea t  d i s tances  from t h e  LM touchdown, 

f 

(H, 0, N2, OH, NO, 02, 0 )  w i l l  be de t ec t ab le  i n  the  

-4 3 

such contaminants w i l l  nevcr be present  i n  more than t r a c e  amounts. 

The contaminants H, H2, CO, and C02  wi th  zero s t i c k i n g  c o e f f i -  

c i e n t s  w i l l  predominate i n  the lunar  atmosphere, wi th  CO and 

C02 being most preva len t  and most p e r s i s t e n t .  

In, t h i s  f i gu re ,  t h e  curves are obtained by summing the ca l cu la t ed  
d e n s i t i e s  of a l l  t he  LM exhaust species  f o r  t h e  cases of 

T 

(a) no s t ick ing:  f l  = f 2  = 0 f o r  a l l  species, 

(b) s t i c k i n g :  have t h e  values l i s t e d  i n  flJ f 2  
Table 2, 

and p l o t t i n g  these  agaLlst  t i m e .  The m z - j o r  cont r ibu t ions  t o  t h e  
" s t i ck ing"  curve a r e  from those species  (H2, CO, C02, H) t h a t  
have zero s t i c k i n g  c o e f f i c i e n t s  (Table 2 ) .  The "Total Ambient" 
and "Ambient H + H20" 
c a l c u l a t i o n s  of Hinton and Taeusch (Ref. 2 ) .  

l i n e s  a r e  obtained from the s teady s t a t e  
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Final ly ,  the amount of atmospheric contamination f o r  o ther  

values of t h e  s t i c k i n g  c o e f f i c i e n t s  can be est imated roughly from 

the f igu res  (except f o r  H, HZ, CO, C02) . 
of zero s t i c k i n g  and l a r g e  s t ick ing ,  t he re  i s  the  add i t iona l  

( t r i v i a l )  case of complete s t ick ing ,  which corre-  

sponds t o  zero atmospheric contamination (except fo r  a small orbi -  

t a l  component that decays with the t i m e  constant  A ) a t  a l l  

times a f t e r  t h e  f i r s t  contact  of tbe LM exhaust gases with the  

surface.  Thus, i t  i s  poss ib le  t o  i n t e r p o l a t e  roughly between 

these th ree  values  of t he  s t i ck ing  c o e f f i c i e n t s  t o  f i n d  the  con- 

tamination f o r  . intermediate  s t i ck ing  values .  

In  add i t ion  t o  t h e  cases  

f l  = f2 = 1.0, 

-1 

C.  Approximate Formula 

It i s  poss ib l e  t o  ob ta in  a simp1.e approximate form f o r  t h e  

atmospheric dens i ty  [Eq.  (38) 1 of t h e  var ious contaminant species  

i n  the  LM exhaust.  We s t a r t  by assuming t h a t  t h e  LM exhaust 

t h a t  s t r i k e s  t h e  lunar  sur face  i s  concentrated a t  the  LM touch- 

down s i t e  ( e  = O", (P = 0"), s o  t h a t  it c o n s t i t u t e s  a s i n g l e  

source f o r  t he  atmosphere. Since t h e r e  i s  now only one point  

a t  

e = o", 'pj = o", i 

- 
'oijk - '0' 

poin t  

source 

(49) 

COS ~1 = COS e = p, 

and using Eq.  (36), E q .  (37) takes  the  e x p l i c i t  form 

i = O  
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where 
! 

When a i s  small (,( I), t a k h g  a as a conki-wous ra-Lhcr than 

a d i s c r e t e  paraiiiecex, E q ,  (50) can be approximated by 

For  an observer i n  t h e  v i c i n i t y  of t h e  LM touchdown s i te ,  8 = O", 

4, =: oo, 

I 

I qo - I K  1 (t-tk) I 
n (OO,OO, t )  =: 2a e u ( t  - tk) e 

0 J 

S u b s t i t u t i n g  E q .  (52) f o r  the sur face  dens i ty  ( in  

Eq. (38) ,  w e  ob ta in  the approximate formula f o r  the volume dens i ty  
( in  ern-') i n  the v i c i n i t y  of the LM touchdown site: 

crn-') i n t o  . 

- 
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where h i s  the s c a l e  he ight  ( in  cms) of a given spec ies  of 

the s i n g l e  source f o r  this species  placed a t  t h e  LM touchdown . 

po in t .  

2 
9 LM exhaust gas and q is  the  s t r eng th  ( i n  molecules/cm ) of 

0 

consider a t o t a l  mass, M ( i n  gms), of 40, To determine 

exhaust gas  s t r i k i n g  the  surface s o  t h a t  the  number of molecules 

of a given specie reemit ted i s  given by 

Representing t h e  s i n g l e  poin t  source f o r  a given spec ie  b] 

Q(P,T, t )  = qoF(W)6(T - 'P.)6(t  - tk )  , 
J 

( 5 4 4  

i s  obtained by equating the  t o t a l  number of 40 an expression f o r  

molecules emit ted as expressed by (54a) and by t h e  i n t e g r a l  of 

Eq. (54b) over t he  t i m e  var iab le  and over the  sur face  of t h e  moon: 

(1 - fl) = 
- mAy 
W 

t 

yie ld ing  qo i n  molecules pe r  cm 2. . 
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Since a < 1, from Eq.  (51) and Table 2 it i s  c l e a r  t h a t  
3 5 < t - tk < 10 

l-u 

the  approximate formula, Eq.  (53), holds f o r  

f o r  a l l  t h e  exhaust gas  spec ies  except H and H2, i n  which 

case 10 < t - tk < 10 , 

10 
l-u b 

3 4 where t h e  lower l i m i t  i n  both cases, 
r b  lx. 

3 t - t > 10 secs,  follows from the  f a c t  t h a t  the  d i f fus ion  
k , .  

theory i s  appl icable  only f o r  times g r e a t e r  than the  mean t i m e  

($: c\, 10 seconds) between impact,s- of the  d i f fus ing  par t ic les  

wi th  t h e  lunar  surface.  

3 

It w a s  found t h a t  E q .  (53) g ives  b e t t e r  than order  of magni- 

tude agreement ,with the  computer ca l cu la t ions  of the  atmospheric 

dens i ty  of the  LM exhaust species  i n  the  v i c i n i t y  of the  Wi 

touchdown point .  
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Fig. 5 H20, H, O2 - Comparison of Model I Resul ts  (Number of - 1 

Particles/crn' versus T i m e  i n  Seconds) for 'J = 10' 
12 w i t h  J = 10 

52 



lo3 

lo2  

lo1 
No (TT) 

10-O 

10-1 

0 
- 

F =* 1 T = 300 

9 J = 10 

TT 

Fig. 6 0 - Comparison of Model I Results (Number of Particles/cm 3 
versus Time in Seconds) for Two Different Values of the 
Parameters T and J 

53 



lo5  

lo4 
No (TT) 

lo2 

lo1 

f 

1 -  

Fig. 7 H20 - Comparison of Model I Results (Number of Particles/cm 3 
versus Time in Seconds) for Two Different Values of the 
Parameters T and J 
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Fig. 46 Comparison of Model I Densities (Scaled Do& by a BsCtur of 
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Fig .  51 Var ia t ion  of T o t a l  Densities of Contaminants w i t h  T ime  a t  
30 t o  300 Meters from LM Touchdown 
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